Abstract. Long-term changes in phytoplankton biomass and structure were studied in three heated lakes that were included into a power plant cooling system in 1958 and 1970. Since the mid 1990s, the share of Vallisneria spiralis L., which is a thermophilic hydrophyte species that is alien to Poland, has been increasing. The phytoplankton biomass fluctuated in these basins in the 1992-2003 period from 0.2 to 49.3 mg dm -3 . Two phytoplankton assemblages were noted: one was typical of the cold season and the other of the warm season. The phytoplankton in the summer comprised cyanophytes, chlorophytes, dinoflagellates, and cryptophytes. Diatoms developed on a massive scale during cold periods. The results obtained indicate that the contemporary phytoplankton assemblages are shaped by the varied impact of water heating, increased flow rates, the highly productive waters, and the developing submerged hydrophyte phytocenosis along with the abundant growth of the epiphyte assemblage.
Introduction
This system of natural lakes, which is connected by canals and receives heated-water discharge from two power plants, is a unique subject for ecological studies. The discharged water heats the lakes substantially, contributes to the formation of specific spatial variation in temperature, and increases water movement considerably (Simm 1988 , Zdanowski et al. 1988 , Zdanowski and Prusik 1994 , Socha 1997b , Socha and Zdanowski 2001 , Stawecki et al. 2008 . A phenomenon unique to the temperate zone that was observed in the heated lakes was the lengthening of the vegetative season to nearly the whole year, which caused substantial changes in the faunistic ratios and phytoplankton abundance (D¹mbska et al. 1976 , Burchardt 1977 , Spodniewska 1984 , Sosnowska 1987 , Simm 1988 , Zdanowski 1994a , Socha 1994a , Socha 1997a , 1997b , Socha and Zdanowski 2001 . The most significant changes were observed in the winter, when the biomass of the varied phytoplankton species sometimes even with maximum development of nanoplanktonic diatoms, was decidedly higher than in lakes with ice cover.
According to Sosnowska (1987) , adaptation to the new environmental conditions happened within the course of one year; however, Simm (1988) and Socha and Zdanowski (2001) contend that the impact of the rapid heating of the lake waters (to a maximum of 35°C) happened gradually during the first decade when the cooling system was functioning. This manifested in the tendency for intense planktonic alga development, short-term water blooms (maximum biomass to 210 mg dm -3 ), and the accelerated tempo of seasonal changes in phytoplankton. Diatoms, which achieved maximum biomass in the cooler periods, dominated throughout the season (D¹mbska et al. 1976 , Burchardt 1977 , Spodniewska 1984 , Sosnowska 1987 . By the late 1970s and early 1980s, the influence of heating was counterbalanced by progressing nutrient depletion in the heated lakes (Hillbricht-Ilkowska and Simm 1988 , Zdanowski et al. 1988 , Zdanowski 1994b ) and the intense water flow (Simm 1988 , Zdanowski et al. 1988 . The composition of the summer phytoplankton became homogeneous while simultaneously becoming similar in character to that in temperate zone eutrophic rivers. The biomass of planktonic alga decreased, no water blooms were noted, and there was no distinct dominant as the phytoplankton comprised various systematic groups (Simm 1988) . As the eutrophic status of the lakes in the cooling system increased during the 1987-1993 period, the biomass of planktonic alga increased, long-term diatom biomass maxima occurred in the spring season, and the cyanophyte and chlorophyte alga biomass increased in the summer seasons (Socha 1994a , Socha 1997a , 1997b . Lower values of phytoplankton biomass were noted again in the 1995-1999 period, most notably in the intensively heated P¹tnowskie and Licheñskie lakes (Socha and Zdanowski 2001) .
Vallisneria spiralis L., a thermophilic hydrophyte species with submerged leaves that is new to Polish flora, was noted in the heated lakes system. It overtook the phytolitoral zone in Lake Licheñskie, and much of the same in Lake P¹tnowskie (Socha 1998 , Hutorowicz 2006 ; both of these lakes are heated throughout the year. Single, small stands formed by this plant were noted in Lake OElesiñskie in 2002 (Hutorowicz et al. 2006) .
Phytoplankton is regarded as a sensitive indicator of changes occurring in aquatic ecosystems (Reynolds 1980 , Burchardt et al. 1994 . Detailed analysis of changes in the abundance and frequency of particular taxa that comprise assemblages confirms their significance as indicators, especially with regard to changes in the trophic status of lakes (Burchardt et al. 1994, Hutorowicz and Napiórkowska-Krzebietke 2007) . Phytoplankton has also been confirmed to be a very sensitive indicator of changes in the artificially heated Konin lakes (D¹mbska et al. 1976 , Burchardt 1977 , Spodniewska 1984 , Sosnowska 1987 , Simm 1988 , Socha 1994a , Socha 1997a , 1997b , Socha and Zdanowski 2001 . The aim of the work was to compare the seasonal dynamics in biomass and seasonal changes in the phytoplankton structure in the 1992-1999 and 2000-2003 periods in three lakes that were heated to varying degrees. Of these three lakes, one exhibits distinct characteristics of a monomictic basin (Lake Licheñskie), which is mixing type that is typical of lakes in the sub-tropical zone, and one only receives heated water inputs in summer (Lake OElesiñskie).
Materials and methods

Study area
The Konin lakes are located in an urban area and comprise a group of five natural basins with varied morphology (Table 1) . Lakes Gos³awskie and P¹tnowskie are large, shallow pond-like basins. Lakes Licheñskie, W¹sowsko-Mikorzyñskie, and OElesiñskie are trough basins with well-developed shorelines and different mean and maximum depths. Three of these lakes (P¹tnowskie, W¹sowsko--Mikorzyñskie, OElesiñskie) comprise the central segment of the OElesiñskie Canal that connects the Warta River with Lake Gop³o. Along with two other lakes, Gos³awskie and Licheñskie, they comprise the cooling circuit for the P¹tnów and Konin electric power plants. The Konin lakes are subjected to various anthropogenic pressures in addition to the electric power plants, including opencast mining (they are located in a depression pit and are recipients of post-mining waters), fisheries (pond and cages fish farming and commercial fisheries are conducted in the vicinity), tourism in various forms (the WartaGop³o Canal tourist route, vacation resorts in Mikorzyn and OElesin, the Sanctuary of Our Lady of Licheñ).
Two different circulation circuits are used to cool the discharged heated waters from the power plants. The short circulation circuit is used in the cool season, and it includes lakes Gos³awskie, P¹tnowskie, Licheñskie and the southern part of Lake W¹sowsko-Mikorzyñskie (Fig. 1) . During the summer season, the long circulation circuit is put into operation and includes Lake OElesiñskie and the northern part of Lake W¹sowsko-Mikorzyñskie. The lakes, which are connected by uptake and discharge canals (with a total combined length of 26 km), are a closed cooling system from the point of view of power plant exploitation. This method for cooling power plant waters increased the mean annual surface water temperature in Lake Licheñskie by about 5°C, and in Lake OElesiñskie by about 3°C (Table 1 ; Socha and Zdanowski 2001) . Water retention times were also shortened. The trophic status of the Konin lakes has remained relatively stable. The total phosphorus concentration in the epilimnion of Lake Licheñskie in the 1995-2000 period ranged from 0.041 to 0.123 mg P Tot dm -3 , and in the near-bottom layer it did not exceed 0.4 mg P Tot dm -3 . In the second half of the 1990s, decreasing concentrations of 
Phytoplankton studies
Phytoplankton samples were collected in the 1998-2003 period in the pelagic zone, in the epilimnion (in the 0-5 m layer) of lakes P¹tnowskie, Licheñskie, and OElesiñskie. The samples were taken at times that are significant for the Konin system: in January and March when only the short circulation circuit is in operation; in May just after the long circulation circuit goes; in July when the power plants exploit both cooling circulation circuits (short and long); in September after the long circulation circuit is closed; and in November when only the short circulation circuit is functional.
Additionally, in May, July, and September of both 1998 and 1999, phytoplankton spatial differentiation studies were conducted in Lake Licheñskie, the most intensely heated of the basins (seven sampling stations were designated along the main water flow of the discharge waters) and at six stations in Lake OElesiñskie, the least heated basin.
The phytoplankton samples (volume of 1 dm -3 )
were fixed immediately with Lugol's solution, and after being transported to the laboratory, they were concentrated through seston sedimentation to a volume of 2-5 cm 3 . Quantitative and qualitative analyses of the phytoplankton were conducted in a Fuchs-Rozenthal chamber under a microscope at a magnification of 400x (Simm 1988) . Fresh masses of algae were counted by multiplying the number of individual taxa by the volume of their chamber, which was calculated by comparing the shape of the algal cells to geometric figures (Pliñski et al. 1984, Kawecka and Eloranta 1994) . Randomly selected individuals of the dominant species from all the samples were measured. The nanoplankton fraction, comprising small organisms up to 30 μm, was identified. The phytosociological constancy for each species was (C) was determined in the samples collected throughout the year, in cooler periods (spring and fall) and summer using the Braun-Blanquet scale (Paw³owski 1959) . Some of the results obtained were published previously in Socha and Zdanowski (2001) . Data from previous publications were used to describe long-term changes in phytoplankton structure and abundance (Sosnowska 1987 , Spodniewska 1984 , Simm 1988 , Socha 1994a , 1997a , 1997b , 1998 , Socha and Zdanowski 2001 .
Results
Phytoplankton biomass
In the 1992-2003 period the phytoplankton biomass in the Konin lakes changed within a very wide range from 0.2 mg dm -3 to a maximum of 29.5 mg dm -3 in Lake P¹tnowskie, 46.7 mg dm -3 in Lake OElesiñskie, and 49.3 mg dm -3 in Lake Licheñskie. From 1992 to 1994, the mean total phytoplankton biomass in lakes Licheñskie, OElesiñskie, and P¹tnowskie was about twice as high as that in the 1989-1991 period (Table  2) . Similarly, the maximum values also increased in Lake Licheñskie by nearly 2.5 times, and in lakes OElesiñskie and P¹tnowskie by about 1.5 times. In the 1995-1999 period, a similar tendency was maintained. While the mean algal plankton biomass was nearly twice as low in Lake OElesiñskie (5.6 mg dm -3 ), and 1.5 times as low in Lake P¹tnowskie (5.9 mg dm -3 ), the maximum biomass in these three lakes was higher than it had been in the 1992-1994 period (Table 2 ). However, in the 2000-2003 period distinct decreases in the mean and maximum phytoplankton biomass were noted, as follows: in Lake OElesiñskim by 5.4 and 30.0 mg dm -3 ; in Lake P¹tnowskie to 4.9 and 15.6 mg dm -3
, respectively. The tendencies of the changes in Lake Licheñskie were different. In the 1995-1999 period, the mean and maximum phytoplankton biomass values decreased more than twofold in comparison to the 1992-1994 period. These values were also distinctly lower than those from lakes P¹tnowskie and OElesiñskie (Table 2 ). In subsequent years (2000) (2001) (2002) (2003) , contrary to the other two lakes, total and maximum biomass in Lake Licheñskie increased by 5.0 and 24.8 mg dm -3 , respectively.
The dynamics of the annual cycle of phytoplankton development also changed in the 1992-2003 period. Two biomass maxima with values exceeding 10 mg dm -3 were noted during the vegetative seasons from 1992 to 1994. In the subsequent period of 1995-1999, similarly high maxima (10 mg dm -3 ) were noted in lakes P¹tnowskie (Fig. 2) and Licheñskie (Fig. 3 ) only in spring (March), and in Lake OElesiñskie in September (Fig. 4) . Two high phytoplankton biomass maxima (> 10 mg dm -3 )
were again noted in Lake Licheñskie in the 2000-2003 period; the first was in the spring (March) and the second in early summer (June). A similar cycle of changes in plankton biomass was also observed in lakes OElesiñskie (summer peak < 10 mg dm -3 , in June) and P¹tnowskie (summer peak < 10 mg dm -3 , in July). Spring biomass maxima formed at water temperatures within the range of 3.7-5.8°C in Lake OElesiñskie and at the range of 6.0-12.3°C in lakes P¹tnowskie and Licheñskie.
During the cool period (November, January), when the overall biomass of the phytoplankton in all three lakes studied was about 1.0 mg dm -3 , Table 2 Overall phytoplankton biomass (annual means and ranges in mg dm -3 ) in the Konin lakes in 1965 -1984 (according to Sosnowska 1987 , Spodniewska 1984 , Simm 1988 ) and in 1987 -2003 (according to Socha 1997a , 1997b , Socha and Zdanowski 2001 1992 , 1995 -1999 (according to Socha Zdanowski 2001 ), and in 2000 -2003 (current data).
Table 3
Biomass (mean values and ranges) of species (in mg dm o -diatoms, k -cryptomonads, z -green algae, s -blue-green algae, b -dinoflagellates, e -euglenophytes cryptophytes and diatoms dominated. The mean share of cryptophytes in the phytoplankton biomass in the 1992-2003 period was 68% in Lake Licheñskie, 56% in Lake OElesiñskie, and 46% in Lake P¹tnowskie, while the shares of diatoms were 26, 42, and 52%, respectively. The spring peak in biomass in Lake Licheñskie (11.0-27.0 mg dm -3
) and Lake P¹tnowskie (12.2-21.7 mg dm -3 ) was formed by diatoms (86 and 89% of the biomass, respectively) at a quite significant share of cryptophytes (13 and 10%), while cryptophytes (61%) comprised a greater share than did diatoms (35%) in Lake OElesiñskie (4.7-14.5 mg dm -3
). The significantly lower phytoplankton biomass during its maximum development during spring in lakes Licheñskie and OElesiñskie in the 1995-1999 period was due to the lower biomass (by 60-67%) of diatoms from the genus Stephanodiscus than had been noted in previous years.
Phytoplankton structure
Quite distinct changes in the structure of the phytoplankton were observed in May, after the collapse of the spring biomass maximum (up to 3-6 mg dm -3 ), when the long cooling circuit began running. The water temperature reached 10.0-18.9°C in Lake OElesiñskie, and 21.3-29.1°C in Lake Licheñskie. Although the greatest contribution to the phytoplankton biomass remained diatoms (36-47%) and cryptophytes (36-40%), the share of other systematic groups was often greater than 10%. Generally, chlorophytes attained the highest share in the general biomass (in Lake Licheñskie -15%, Lake P¹tnowskie -11%, Lake OElesiñskie -9%), dinoflagellates (6, 2, and 4%, respectively), chlorophytes (4, 3, and 10%, respectively), and chrysophytes (2, 1, and 2%, respectively). However, the shares achieved by algae classes in particular years were as high as follows: cyanophytes 31 %; chlorophytes -34%; dinoflagellates -17%; chrysophytes -19%.
During the summer maximum of phytoplankton development, the temperature ranges in the lakes studied was as follows: OElesiñskie -20.0-26.2°C; P¹tnowskie -21.7-28.6°C; Licheñskie -24.7-31.5°C.
The biomass in Lake Licheñskie (in 1992-1994 at 11.9 mg dm -3 ; in 1995-1999 at 6.4 mg dm ) comprised cyanophytes (30%), ditaoms (22%), dinoflagellates (19%), cryptophytes (17%), and chlorophytes (19%); however, the co-dominants in Lake OElesiñskie (in 1992-1994 at 26.8 mg dm -3 , in 1995-1999 at 9.6 mg dm ) were diatoms (51%, primarily Aulacoseira granulata (Ehr.) Simonsen, cryptophytes (19%), and dinoflagellates (15%). The share of cyanophytes and chlorophytes did not exceed 10% (at 9 and 5%, respectively).
In September, when the water temperature remained high (18.0-24.0°C in Lake Licheñskie and 15.0-21.0°C in lakes P¹tnowskie and OElesiñskie) and the overall biomass ranged from 2-5 mg dm -3 , the phytoplankton comprised the same alga groups as those that occurred during the summer maximum, but with a distinctly higher share of diatoms (34-39%), and cryptophytes (16-32%) were also numerous. In Lake OElesiñskie dinoflagellates (36%) were abundant, while in Lake P¹tnowskie cyanophytes (14%), dinoflagellates (12%), and chlorophytes (11%) were abundant, but in Lake Licheñskie it was chlorophytes (12%). In September 1998, after Lake OElesiñskie had been disconnected from the cooling circuit, the dinoflagellate Ceratium hirundinella (O.F. Müll.) Dujard. developed intensively and reached a biomass of 42.6 mg dm -3
, which was 91% of the total biomass.
Spatial variation
The spatial variation of phytoplankton abundance in Lake Licheñskie, the most intensely heated basin, and in Lake OElesiñskie, the least heated basin, was quite small in 1998 and 1999. In May the mean biomass of algae in Lake Licheñskie comprised from 3.7-7.7 mg dm -3 , and in Lake OElesiñskie it was approximately 1.0 mg dm -3 . Undoubtedly, the different biomass of the phytoplankton in the two lakes resulted from the different water temperatures in these basins during the winter-spring periods. In summer (July) in Lake Licheñskie the mean biomass of algae ranged from 5.4 to 6.1 mg dm -3 , and in OElesiñskie from 5.6 to 8.0 mg dm -3 . Exceptionally high variation in phytoplankton biomass was observed among the various stations in July 1999 in Lake OElesiñskie. In the northern deep part of the basin, where the water exchange is not intensive, the biomass of the cryptophyte Cryptomonas erosa Ehr. was 27.5 mg dm -3 . At the same time in the central part of the basin where the water is mixed from the surface to the bottom, the algal biomass was again significantly lower (1.4-3.9 mg dm -3 ). Similar phytoplankton biomass differentiation in Lake OElesiñskie was confirmed in September 1998. The greatest biomass of algal plankton was confirmed in the southern deep part of the basin (46.7 mg dm -3 ), but the abundance was much lower in the central and northern parts of the lake (6.9-18.9 mg dm -3 ). At this time, blooms comprised the dinoflagellate C. hirundinella. However, in Lake Licheñskie the mean algal biomass in September ranged from 1.8 to 2.4 mg dm -3
. In 1999, abundant euglenids from the genus Euglena appeared in this basin and reached a biomass of about 1.0 mg dm -3 .
Among the species identified in lakes P¹tnowskie, Licheñskie, and OElesiñskie, one group of taxa occurs throughout the year (Table 3 ). In the 1992-1999 period, C. erosa and Rhodomonas minuta Skuja were noted at a high frequency and biomass (to 2-6 mg dm -3 ); additionally,
Stephanodiscus hantzschii Grun. was noted in Lake OElesiñskim. In the 2000-2003 period, the number of taxa that were noted frequently in the samples collected throughout the year was decidedly larger. In addition to the cryptophytes (C. erosa and R. minuta) that occurred at the fifth degree of permanence and at a high biomass (up to 7 mg dm -3 ), the diatoms S.
hantzschii (up to 13.6 mg dm -3 in Lake P¹tnowskie) and A. granulata (4th degree; 9.6 mg dm -3 in Lake OElesiñskie) were noted, as were diatoms and chlorophytes Scenedesmus quadricauda (Turp.) In the 1992-1999 period, the diatom Stephanodiscus minutulus (Kütz.) Cl. occurred only in spring and fall in all the lakes at fairly high permanence (3rd degree) and biomass, while in Lakes P¹tnowskie and Licheñskie S. hantzschii was noted at the fifth degree of permanence. This species was noted systematically throughout the year in Lake OElesiñskie, and in 2000-2003 it was noted in all the lakes. In the 1992-1999 period, the diatom Nitzschia kutzingiana Hilse was noted often (3rd degree) in Lake P¹tnowskie, and Fragilaria ulna (Nitzsch) Lange-Bertalot was noted in Lake Licheñskie, and Stephanodiscus neoastraea HDkansson & Hickel and Asterionella formosa Hass. in Lake OElesiñskim. In the 2000-2003 period, these species occurred much less frequently (at the most at the 2nd degree).
The list of taxa noted at high permanence during the warm season in the 1992-2003 period in all the lakes comprises just three species: S. quadricauda (4th degree); Chroococcus minor (3rd degree); Peridinium sp. (3rd degree). Additionally, individuals of C. hirundinella (5th degree) and Crucigenia tetrapedia (Kirchn.) (3rd degree) were noted frequently. Frequent species in the other lakes included C. microporum in lakes Licheñskie and OElesiñskie, and T. staurogeniaeforme, Scenedesmus ecornis (Ehr.) Chod., S. spinosus, and S. intermedius Chod. as well as Pediastrum duplex Meyen, Nitzschia palea (Kütz.) W. Smith and Euglena sp. only in Lake Licheñskie. In the 2000-2003 period the species that occurred only in Lake P¹tnowskie at fairly high permanence were C. microporum Näg. in A. Br. and S. spinosus. However, as many as seven species were noted throughout the year in at least one of the lakes studied (Table 3) .
Correlation analysis between the biomass of particular systematic groups comprising the phytoplankton in the studied lakes indicated that there was a significant relationship between the intensity of the development between cyanophytes and chlorophytes (r = 0.68-0.85; P < 0,05). Various taxa from these systematic groups form the phytoplankton assemblages that are typical of the summer season and which develop in warm, productive waters, and move through the system of lakes when the long cooling circulation circuit is in operation. The assemblages in Lake Licheñskie were enriched further by taxa of dinoflagellates, cryptophytes, and euglenids, which formed significant and strict correlative relationships among each other. In addition to cyanophytes and chlorophytes, diatoms (A. granulata, S. hantzschii) were also typical.
Discussion
According to Reynolds (1980) , the cyclical development of phytoplankton assemblages in lakes is controlled by just two environmental factors that are mutually influential, namely the availability of nutrients and water stability. Because in a given ecosystem of a particular trophic status in which the intensification of ecological factors (biocenotic dependencies, intensification of the influence of physico-chemical factors) is usually relatively stable, the dynamics of changes in phytoplankton structure are typical (Burchardt et al. 1994 ). According to Reynolds (1980) , the most typical seasonal succession of phytoplankton in eutrophic lakes runs from diatoms to Volvocales and Nostocales then to dinoflagellates or cyanophytes from the genus Microcystis; however, in mesotrophic lakes succession runs from diatoms through chrysophyte/Sphaerocystis to dinoflagellates. Increased water movement in lakes causes, among other things, reduced water column stability, which disturbs succession (Reynolds 1980 ). Long-term phytoplankton studies conducted in lakes impacted by discharges of heated waters indicate that these two factors were decisive in determining the seasonal succession of phytoplankton in these basins.
During the first decade in which the cooling system was in operation (late 1960s and early 1970s), the most significant factor was increased water temperature (Sosnowska 1987) . The impact of the thermal shock was expressed in the accelerated development of algae, the extension of the vegetative season, and the occurrence at separate locations of short-term algal biomass peaks often comprising a single species. Although diatoms dominated throughout the entire vegetative season and achieved maximum biomass during the cold periods, a large number of green alga species occurred in the phytoplankton (D¹mbska et al. 1976 , Burchardt 1977 , Sosnowska 1987 .
Relative balance was noted in the phytoplankton assemblages during the second decade in which the cooling system was operational. This was possible thanks to the regular working cycle of the cooling system and the relatively limited influence from other anthropogenic factors. This manifested in the fairly distinctly drawn tendency for the overall phytoplankton biomass to decrease in subsequent years (Table 2) , which, according to Spodniewska (1984) and Simm (1988) , was related to the high water flow rates in the basins. The low biomass of summer phytoplankton was also due to the low bioavailability of phosphorus sorbed on mineral molecules in an alkalized environment (Zdanowski et al. 1988) .
In the late 1980s, in addition to the impact of heated water discharge and opencast mining, the lakes were also impacted by fish farming in the discharge canals of the power plants, tourism, and recreation (Socha and Zdanowski 2001) . This increased the trophic status of the lakes. Several phenomena were noted, namely, decreasing oxygen in the hypolimnion in the deeper lakes, the accumulation of mud and consequently decreasing depth of the artificial basins in the cooling system, increasing salinity of the waters, and worsening of the sanitary state of the waters (OEwi¹tecki 1994 , Zdanowski 1994a . The overall biomass of the phytoplankton increased (Table 2), but the share of nanoplankton decreased, and most importantly the type of seasonal succession changed. In summer the assemblages formed were However, the fast water flow rates in the lakes are the primary limiting factor for the development of abundant algae (including the problematic cyanophytes) in the summer season. The studies suggest the development of submerged macrophytes (Vallisneria spiralis) and the accompanying abundant epiphyte algae (which compete with phytoplankton) that have been noted in recent years are important to the functioning of the heated lakes ecosystems.
